Abstract: Sewage sludge ash (SSA) is considered to be a valuable secondary raw material for the production of phosphorous fertilisers. This method of recycling may also be a solution to the problem posed by the growing amount of this waste. An innovative suspension fertiliser (SSAB) was produced from SSA and the phosphorus-solubilising bacteria Bacillus megaterium and was tested in a field experiment in the presence of spring wheat as the test plant in comparison to conventional fertilisers (superphosphate, phosphorite). Two variants of plant protection were also adopted: full chemical plant protection (+PP) and no plant protection (−PP). Besides affecting yield, it was expected that SSAB would not worsen the state of the soil environment. This paper presents SSAB effect on soil moisture and temperature, soil pH, content of toxic elements (As, Cd, Cr, Ni and Pb) in the soil, abundance of heterotrophic bacteria and fungi and the occurrence of earthworms. SSAB did not affect the tested soil characteristics when applied in reasonable doses. Plant protection had an individual effect on soil properties but did not modify the fertiliser action. SSAB may be a potential substitute for P fertilisers produced from non-renewable raw materials in times of shortage. Further long-term research is recommended to confirm these findings.
Introduction
Although the application of phosphorus (P) fertilisers is accompanied by a number of negative environmental effects [1] , modern agricultural production cannot do without them, and it is hard to imagine that this dependence will change if we take into account the biological importance of phosphorus [2] and the need to meet the food needs of the fast-growing world human population [3] . Mogollón et al. [4] forecast that the global P input by fertilisers in croplands will increase from 14.5 million tonnes per year in 2005 to 22-27 million tonnes per year in 2050, and 4-12 million tonnes per year would be needed in 2050 for global intensively managed grasslands to maintain fertility.
The issues of P scarcity, its squandering and environmental pollution with P compounds call for a sustainable, circular economy of this element, which is based on the prudent use of mined resources, limited P accumulation in agricultural soils and enhanced P use efficiency and recycling [5] .
There have been attempts to replace non-renewable phosphate rocks with P-rich secondary raw materials [6] . The attention of scientists and technologists has been focused on sewage sludge ash (SSA). The P content in dry matter of SSA ranges from less than 10% to less than 20% [7] , which is comparable to the content of this element in commercial phosphate rock (10.9-16.13% P) as reported by the International Fertiliser Development Centre [8] . According to recent estimates, the annual fertiliser added to the soil can affect soil acidity, principally through the release or gain of H + ions by the phosphate molecule depending on soil pH [31] and because, under P stress conditions, the plants can change the pH of the substrate through the release of organic acids which dissolve the poorly soluble phosphates [32] , (iii) the potential presence of heavy metals and other toxic elements in SSAB may increase their accumulation in soil [33] , (iv) the introduction of B. megaterium, as an ingredient of SSAB, to the soil environment could modify soil biology due to an increase in the strain population size followed by the reorganisation of the microbial community structure [34] and the modification of the chemical parameters of the soil environment (acid production) [30] , (v) the intensity of microbiological processes [35] and the possible stimulation of crop growth resulting from the application of SSAB could indirectly lead to changes in soil moisture and temperature, (vi) changes in habitat parameters could affect the abundance of earthworms which are soil health bioindicators [36] .
It was hypothesised that SSAB would not deteriorate the properties of the soil environment, i.e., that its impact would be similar or more favourable than that of traditional P-fertilisers and that plant protection would not modify SSAB effect on the analysed parameters.
Materials and Methods

Experimental Design and Agronomic Management
A field experiment was conducted in 2015 in Bałcyny (Poland, 53.60 • N, 19.85 • E). The test plant was a spring cultivar of common wheat (Triticum aestivum ssp. vulgare Mac Key, cv. Monsun). In the experiment, SSAB was confronted with two commercial fertilisers: superphosphate (SP) and phosphorite (PR). Ten variants of P fertilisation were compared (Table 1) . SP (Gdańsk Phosphate Fertilisers Plant 'Fosfory', Gdańsk, Poland) was purchased on the market. PR (bought at the Luvena, Luboń, Poland) was supplied by the Institute of New Chemical Synthesis in Puławy. SSAB was manufactured at the Institute of New Chemical Syntheses in Puławy (Poland), according to a concept developed at the Wrocław University of Science and Technology (Poland). SSA for the SSAB production was obtained from the Łyna Municipal Wastewater Treatment Plant in Olsztyn (Poland). The B. megaterium strain was obtained from the Polish Collection of Microorganisms at the Institute of Immunology and Experimental Therapy of the Polish Academy of Sciences in Wrocław (Poland). The SSAB production process consisted of the following steps: comminution of the raw material, preparation of the culture medium for B. megaterium (mixing particular components, high-temperature sterilising, cooling down the solution to 35 • C), inoculation of the solution with B. megaterium, solubilisation for 7-10 days (incubation at 35 • C with mixing), stabilisation of the suspension with bentonite. The content of the culture medium for B. megaterium and the details of the SSAB production procedure were described by Rolewicz et al. [37] .
Moreover, in the experiment, two variants of plant protection were adopted: no protection (−PP) and full protection (+PP).
The experiment was set up in a parallel strip design with four replications ( Figure S1 ). The size of a single experimental plot was 20 m 2 (2 m × 10 m). A cereal-legume mixture was grown before cultivating spring wheat. The tillage was performed using the ploughing system. The P fertilisers were applied once, prior to wheat sowing: SP and PR were scattered by hand, while SSAB was applied by large-drop sprinkling of the soil. Along with the particular P doses, 1.0, 1.5 and 2.0 L/m 2 SSAB solutions were applied, respectively. Nitrogen (N) and potassium (K) fertilisers were applied over the entire experiment area in the following amounts and forms: N, 110 kg/ha (ammonium sulphate, 21% N, 24% S, Grupa Azoty Puławy, Poland), K, 83 kg (potassium chloride, 60% K 2 O, Luvena, Luboń, Poland). The entire K dose was applied before sowing, and the N dose was divided into two parts: 60 kg was applied before sowing and 50 kg at wheat stem elongation.
Wheat was sown on April 9, at a depth of 3-4 cm, with a spacing of 15 cm. Under Combine harvesting was performed on August 11.
Soil and Meteorological Conditions
The soil type on the experimental field was Luvisol [38] formed from sandy loam. It contained (total contents) on average: 8.90 g/kg C, 1. 
Sampling and Analyses
Soil Moisture and Temperature
The analysis was conducted three times: at (1) tillering, (2) stem elongation and (3) heading of wheat, by time-domain reflectometry (TDR) with the use of the FOM/mts meter (Field Operated Multimeter for moisture, temperature and salinity; E-Test, sole manufacturer of TDR meters and probes designed by the Institute of Agrophysics of the Polish Academy of Sciences in Lublin, Poland). The measurements were performed in layers of 0-10, 10-20 and 20-30 cm and repeated five times on each plot.
Soil pH
Soil samples were taken from the 0-30 cm soil layer on three dates: (1) before the start of the experiment, (2) at the wheat leaf development stage, (3) after wheat harvest. The samples were collected using a hand-held twisting probe (Egner's soil sampler) from each plot separately at evenly distributed points. A total of about 1 kg of soil was gathered from a single plot. The collected soil material was dried at room temperature for several days, then thoroughly mixed and sieved. Afterwards, the separated portions of about 300 g each were passed to the Chemical and Agricultural Station in Olsztyn (Poland), where the pH in 1 M KCl was determined by the potentiometric method.
Content of Elements in Soil
Soil samples were taken twice: (1) before the start of the experiment and (2) after wheat harvest. Soil collection and preparation for elemental analysis proceeded as described in Section 2.3.2. Samples of soil material of about 300 g were delivered to the accredited chemical laboratory (number AB 696), where the total content of C, N, P, K, Mg, As, Cd, Cr, Ni, and Pb was determined.
The C and N contents in soil were determined using the Vario Macro Cube Elementar (C,H,N) analyser (Elementar Analysensysteme, Langenselbold, Germany). D-phenylalanine (C = 65.44%; N = 8.48%) was used as a standard solution. The contents of other elements were determined using an inductively coupled plasma-optical emission spectrometer (ICP-OES). An appropriate mass (0.5 g) of soil samples was digested in Teflon vessels (microwave oven Milestone MLS-1200, Sorisole, Bergamo, Italy) with 10 mL of aqua regia. After mineralisation, all samples were An ICP-OES with a pneumatic nebuliser with an axial view (iCAP Duo Thermo Scientific, Waltham, MA, USA, diluted to 50 mL) was used to determine the concentration of elements in all mineralised and diluted biological samples. Determination of elemental content was carried out with all the principles of measurement traceability. Certificated reference materials were also used to check the quality and metrological traceability. The detection levels of P, K, Mg, As, Cd, Cr, Ni, and Pb in the soil material were 3.59, 2.55, 1.17, 0.5, 0.01, 0.035, 0.25, and 0.15 mg/kg, respectively.
Abundance of Heterotrophic Bacteria and Fungi
Soil samples were collected on two dates: at wheat tillering and at full vegetation (wheat heading), as described in Section 2.3.2. The soil samplers were sterilised with 96% ethanol (Czempur, PiekaryŚląskie, Poland) before switching to a subsequent plot. Immediately after collection, each soil sample was thoroughly mixed, while maintaining sterility. Subsequently, small portions of material from each soil sample were placed in sterile 120 mL plastic pots, which were forwarded to the microbiological laboratory.
The number of heterotrophic bacteria (colony-forming units, CFUs) was determined on tryptic soy agar (TSA, Merck KGaA, Darmstadt, Germany), containing 15.0 g/L tripticase peptone, 5.0 g/L papaic digest of soyabean meal, 5.0 g/L NaCl, and 15.0 g/L agar, and the number of fungi (CFUs) was determined on Rose-Bengal Chloramphenicol (RBC, Merck KGaA, Darmstadt, Germany) agar, containing 5.0 g/L mycological peptone, 10.0 g/L glucose, 1.0 g/L KH 2 PO 4 , 0.5 g/L MgSO 4 , 0.05 g/L rose bengal, 0.1 g/L chloramphenicol, and 15.5 g/L agar. TSA and RBC media were sterilised in an autoclave at 121 • C for 20 min. RBC had a pH of 7.2, and TSA had a pH of 7.3-7.5. The media were cooled to 45-50 • C, thoroughly mixed and poured in the amount of 10 mL onto Petri plates with soil solution previously deposited on them (1 mL of 10 -3 , 10 -4 and 10 -5 dilutions). Each dilution was prepared in duplicate. Heterotrophic bacteria were incubated at 30 • C for 72 h, and fungi were incubated at 28 • C for 5 days. The emergent colonies of heterotrophic bacteria and fungi were counted and expressed in terms of 1 g of soil.
Earthworm (Lumbricidae) Occurrence
The species composition, number and weight of earthworms (Lumbricidae) in the 0-40 cm soil layer were determined after spring wheat harvest and expressed in terms of 1 m 2 of plot area. Earthworms were harvested mechanically: samples of the investigated soil layer were dug out, crushed and passed through a sieve, and individuals of Lumbricidae were collected. Earthworms were anesthetised in a 30% ethanol (Czempur, PiekaryŚląskie, Poland) solution and preserved in a 4% formalin (Czempur, PiekaryŚląskie, Poland) and 75% ethanol solution. Their species composition was determined using an identification key to soil-dwelling oligochaetes [39] .
Statistical Analysis
The results were processed by analysis of variance (ANOVA) or the alternative Kruskal-Wallis test if the analysis of variance assumptions were not met. The normality of variable distribution was checked using the Shapiro-Wilk W-test, and the homogeneity of variance was checked using Levene's test. The differences between objects were evaluated using Duncan's test or a multiple comparison test. In statistical calculations, the soil element contents below the detection level (LD) were replaced by values equal to the LD. For the soil contents of toxic elements, the median and the maximum values were also determined. The calculations were performed using Statistica 12.0 software [40] . Since the interaction between experimental factors was not significant, in the tables only the average values for the main factors are presented.
Results and Discussion
Soil Moisture and Temperature
These soil features depended mainly on the soil granulometric composition and the hydrological relations of the habitat (surface water and groundwater resources) [41] as well as on the individual dates of analysis and the weather conditions in the periods preceding the measurements.
No differences in soil moisture and temperature caused by the implemented fertiliser variants were proven on any of the methodologically accepted dates or in the tested layers (Table 2) . Wheat plants fertilised with SP, PR and SSAB, as well as with no P fertilisation, depleted soil water in the same way and enabled water evaporation. Plant protection contributed significantly to soil moisture and temperature. At tillering, the soil under +PP showed significantly higher moisture content in 0-10 and 10-20 cm layers than the soil under −PP. For the moisture level at 20-30 cm, only a tendency to increased soil moisture under the influence of +PP was noted. At the stem elongation and heading stages, at all three levels, the soil under +PP (i.e., weed-free) was characterised by higher moisture. Lower moisture in the −PP soil could be associated with severe weed infestation and greater depletion of soil water by the weeds [42] .
At tillering, the soil under +PP showed a higher temperature than the soil under −PP. In turn, at the stem elongation and heading stages, this was reversed: the soil under −PP had a significantly higher temperature than that under +PP. In early spring, weeds probably shaded the soil surface, causing its slower warming [43] and later, by depleting the water from the soil and making it drier, they favoured an increase in soil temperature. Dry soils, as a result of their low thermal conductivity and much smaller heat capacity, tend to warm up easily and have much higher temperatures than moist soils [44] . Moreover, no interaction of fertilisation and plant protection on soil moisture and temperature was found.
Soil pH
The soil in the experiment (Table 3 ) was characterised by a pH < 5.5, which means that the bioavailability of P in this environment was limited by its incorporation in aluminium (Al) or iron (Fe) compounds [45] . The average soil pH of 5.32 prior to the experiment significantly decreased at the wheat leaf development stage (to 5.18). This change was related neither to the type and dose of P fertilisers applied nor to plant protection. Likewise, no interaction of experimental factors was found. After wheat harvest, the pH averaged 5.20 and did not change statistically in relation to the previous date. Different letters within columns indicate significant differences at p < 0.05: small letters for P fertilisation treatments, capital letters for plant protection treatments; arrow indicates a significant decrease in relation to the starting state.
Seasonal fluctuations in pH are not unusual. They are affected by fertiliser rate, time of fertiliser application, organic matter, and root and bacterial activity as well as soil moisture [46] . In our experiment, the spring decrease in pH could be the result of wheat plants' reaction to the available P deficiency in a situation where P release from the soil pool or from fertilisers was limited by the scarce precipitation at that time. It is known that when P shortage occurs in the phases of high plant demand for P [47] , plants change the soil pH by releasing organic acids, which increase the solubility of P bonded with aluminium (Al), iron (Fe) and manganese (Mn) [32] . In our earlier studies [48] , in more beneficial humidity conditions, such an effect was observed (lowering the pH in relation to the initial state) with no P fertilisation and P application in the form of less soluble compounds (phosphorite, SSA-water solution).
Considering PSM biology [49] and earlier studies by other authors (e.g., [50] ), a decrease in soil pH as a result of B. megaterium activity was expected. This effect was not observed, similar to our studies with other fertilisers containing this bacterium [51] . Regardless of the natural buffering capacity of the soil [52] , a variation of the soil pH seems to be related to the abundance of B. megaterium introduced together with the fertiliser, which was relatively too little to influence the total soil PSM population or change the soil pH under field conditions. Although, in laboratory tests, Wyciszkiewicz et al. [53] observed a satisfactory growth rate of B. megaterium when cultured in SSA as a source of phosphorus and this growth was followed by the decrease of medium pH, in field conditions, Jastrzębska et al. [54] found that a fertiliser consisting of SSA and B. megaterium did not increase the abundance of this bacterium in the soil. It is also well known that B. megaterium sporulates quickly in adverse environmental conditions [55] , but this process was not investigated in our research.
Content of Toxic Elements in the Soil
The contents of As, Cd, Cr, Ni, and Pb in the soil in the experiment (Table 4) were within the limits accepted as natural for Polish conditions and did not exceed the permitted levels for arable lands. The average values did not differ from national and regional averages, and even the maximum values were within the geochemical background limits ( Table 5 ). The median values for As, Cd and Pb were below the LD, while for Cr and Ni they were lower than the averages. Different letters within columns indicate significant differences at p < 0.05: small letters for P fertilisation treatments, capital letters for plant protection treatments; arrows indicate a significant decrease in relation to the starting state. Taking into account the elemental composition of fertilisers (Table 1) , the increase in toxic elements' accumulation in the soil was probable, especially in comparison to no P treatment. Assuming that a dry soil from the 0-30 cm-deep layer and 1 ha area weighs 4500 t and replacing the As content in SSAB by 0.5 mg/kg (detection level), 1. 2 and PR 3 , respectively, were applied. However, these amounts of toxic elements were negligible for statistical analysis. No influence of the fertilisation factor on the content of As, Cd, Cr, Ni, and Pb in the 0-30 cm soil layer was found. SSAB, similarly to SP and PR, regardless of the dose of P, did not significantly change the content of these elements compared to the control (no P). Earlier studies by other authors indicate that feeding plants with fertilisers rich in toxic elements, from primary or secondary resources, may lead to an increase in the content of these elements in soil [61, 62] , even during one growing season [61] . However, modern technological solutions provide the possibility to reduce the content of toxic elements in fertilisers from ash to a safe level [7, 14, 16, 17, 19] . The SSAB production method seems to be a good example of such a technology (Table 1) . Our other research on SSA-containing fertilisers is also promising [63] , although further research is needed, especially long-term studies.
Plant protection (+PP vs −PP) also did not differentiate the levels of As, Cd, Cr, Ni or Pb in soil, nor was an interaction between fertilisation and plant protection found. The study by Wołejko et al. [64] shows that pesticides may stop or activate the migration of heavy metals from soil to plants. The uptake of elements by plants results in their soil pool depletion. Compared to the initial state (before the start of the experiment), the content of As in soil did not change, and the content of Cd, Cr, Ni, and Pb decreased, but this was not related to the application of P fertilisation or plant protection. The uptake of these elements by plants (wheat and weeds) did not result in a change in their content in plant biomass above levels considered natural [63] .
Abundance of Heterotrophic Bacteria and Fungi
The abundance of bacteria and fungi found in the experiment (Table 6 ) was typical for cropland soils in Poland [65] . In spring (at wheat tillering), the relatively low abundance of bacteria and fungi was probably caused by a shortage of precipitation and, thus, poor soil moisture [66] . Precipitation in July (at wheat heading) probably contributed to an increase in the abundance of these groups of microorganisms. Table 6 . Abundance of heterotrophic bacteria and fungi in the 0-30 cm layer of soil with spring wheat (CFU · 10 5 in 1 g of soil dry matter). Different letters within columns indicate significant differences at p < 0.05: small letters for P fertilisation treatments, capital letters for plant protection treatments.
Treatments
The applied fertiliser variants (type of fertiliser and dose) did not affect the abundance of the examined microorganisms on any of the analysis dates. Other studies suggest that the fertiliser type may affect the abundance and structure of soil microflora [34] ; however, there are also examples of unchanged microbe amounts even in response to a reduction in the quantity of P introduced with fertilisers [67] .
It appears from the available literature that the introduction of allochthonous microorganisms into the soil may alter the abundance and structure of indigenous microbial communities in different ways [28, 68] . In our own studies, no influence of B. megaterium introduced into the soil with SSAB on the abundance of soil heterotrophic bacteria and soil fungi was observed. Similar results were obtained in our other studies when B. megaterium was included in a granulated fertiliser produced from SSA and animal bones [51, 69] . In a pot experiment, a study noted no negative effect of B. megaterium on soil microbes, when it was used as bioinoculant for seeds of Cajanus cajan [70] . According to Gadhave et al. [28] , different species of the genus Bacillus may have distinct effects on microbial communities. The results of our field studies indicated that B. megaterium bacteria, introduced into the soil in the amounts required for SSAB, do not significantly disturb the ecological structure of soil microbial communities. However, this thesis should be supported by further detailed research.
Plant protection had a negative effect on the abundance of soil bacteria at wheat tillering (spring) and a clear negative tendency on these biota at wheat heading. On both analysis dates, plant protection had a negative effect on the abundance of soil fungi. In the spring time, a significant reduction in the abundance of both groups of microorganisms was probably the effect of herbicides [71] , which were applied shortly before soil sampling. At full wheat vegetation, the abundance of bacteria showed a declining tendency, and the abundance of fungi was reduced following a fungicide treatment performed shortly before [72, 73] . The reduction in the abundance of soil bacteria and fungi observed in our own studies was probably only short-term. According to Ahtiainen et al. [74] , microbial activities and biomass follow the weather conditions during the growing season, and the pesticide treatments show no strong or long-lasting significant effects in field studies. On the other hand, Kalia and Gosal [75] claim that even if the application of pesticide initially decreases microbe number and activity, as the chemical persists, microbes develop tolerance/resistance and re-colonise. In our experiment, the effect of pesticides on B. megaterium introduced with SSAB was not checked (which may be a topic for future research), although Lone et al. [76] reported that PSM did not experience any significant negative effects due to the herbicides.
Earthworms (Lumbricidae) Occurrence
The drought in August (after wheat harvest) did not favour the occurrence of earthworms in the soil plough layer. Under its influence, these organisms probably moved deeper into the soil [77] . On individual plots, in the examined soil column, from zero to several individuals were found (Table S1) . Two species were identified, i.e., Allolobophora caliginosa and Allolobophora rosea. The first species was predominant, and the occurrence of the second one was occasional.
The number of earthworms and their weight did not depend on the type of P fertilisers used or their doses. Moreover, no influence of plant protection or interaction of experimental factors on these soil properties was found. In contrast, Iordache and Borza [78] found a negative relationship between earthworm weight and P content in soil. According to later studies, inorganic fertilisers, including superphosphate, can be toxic to earthworms upon direct contact [79, 80] . To date, only a few studies have examined the effect of SSA fertilisers on earthworms. In pot research by Khan et al. [81] , the influence of fibre industry ash, chemical industry ash, fibre industry sludge and chemical industry sludge on Pheretima posthuma was tested. Four months after the application, they found a decrease in the number of adults, juveniles, cocoons and fresh weight. The authors claimed that the high content of heavy metals in the tested waste was the reason for this phenomenon. Our studies with fertilisers from waste materials, presented here and elsewhere [51, 69] , carried out in the field, show that fertilisers from secondary raw materials with a low content of toxic elements do not pose a threat to soil fauna, if used in reasonable doses.
The harmful effects of pesticides on earthworms have been well documented in the literature [82] . However, there are also reports from field studies demonstrating that pesticides have little effect on earthworms [83] and even show no harmful impact on them if the preparations are used at the recommended doses [84] , which also corresponds to our own studies.
Conclusions
Under field experiment conditions, SSAB did not affect the moisture, temperature or pH of the soil in the presence of the test plant, did not increase the content of toxic elements in the soil and did not alter the abundance of heterotrophic bacteria, fungi or earthworms in the soil, when applied in reasonable doses. Plant protection had an individual effect on these soil properties but did not modify fertiliser action. The findings argue for using SSAB as a substitute for P fertilisers produced from non-renewable raw materials in times of shortage. However, a full recommendation should be supported by long-term research.
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